ABSTRACT. Calc ulations of the regional varIatIOn of ne t mass balance around Crary Ice Rise, Antarctica, show sig nifica nt ra tes of thickening up-stream of the ice ri se and significant thinning down-stream (assuming zero basal me lting o r freezin g). Thickening also is occurring on th e so uth -west side of th e ice rise neares t the Transantarc tic Mountains. These imbalances impl y migration of the rise and he lp explain its current non-equilibrium shape. The pattern of a suture line down-stream of the rise indicates a quasi-periodic mechanism of rift formati o n.
INTRODUCTION
Recent field studies have id entified m ajo r changes occ urring in the flow dynamics in the VICinIty of Ice Streams Band C in West Antarctica (Va n der Veen a nd Oerlemans, 1987;  Step henso n and . Mass-balance calculations on these ice st ream s indicate Ice Stream B is in negative balance by about 40% while Ice Stream C is in positive balance (Sh abtaie Shabtaie and othe rs, 1988; Whillans and Bindschadler, 1988) . The discharge of these ice streams into the ice shelf affects th e thickness distribution of th e ice shel f and its pattern of flow (MacAyeal and Lange, 1988 ) . T hese changes in the ice she lf, in turn, affect the ice-stream flow by a ltering th e longitudin a l resistance exerted on the ice stream . Thomas ( 1979) referred to this effect as "back-press ure". Ice ri ses are o ne of the maj or so urces of this back-pressure and, as suc h , are integral parts of the d ynamics of the ice-shelfice-stream sys te m.
C ra ry Ice Ri se (CIR ) lies directly in the path of Ice Stream B (Fig. I) . MacA yea l and ot hers (1987) have ca lc ul ated th e force exe rted o n Ice Stream B by CIR. They also ha ve calcu lated (see MacAyea l and others, 1989 ) that the region a rou nd CIR is thi ckeni ng at a r ate of 0. 13 ± 0.09 m / a. Other auth ors have identified other features of C IR which further suggest that CIR is not in equilibrium: thickn ess anomalies in the ice shelf down-stream of C IR (Jezek, 1984) ; a non-equilibrium transve rse surface profile (MacAyeal and Thomas, 1980) ; and separation of a large piece o f the ice rise (a "raft") (Bindschadler and ot he rs, 1988b) . In this paper we calculate the regional pattern of net mass balance in the vici nit y of CIR to identify where rapid c hanges are takin g place and di sc uss possible causes of the changes and their ramifications on ice flow in the area .
METHOD OF CALCULATION
Net mass balance refers to the summat io n of all gains and losses in ice volume for a region of space. (MacAyeal and others, 1987, equation (15) ) where p is th e dep th-averaged ice density, H is the ice thickness, u is the hori zo nta l ice velocity, ~ is th e unit vecto r norm a l to r , d)" is unit leng th along r , A is the accumulation (surface and base), and S is the horizontal area co ntai ned within r. The first ter m in Equation (J) is the mass change due to advection while the second term is the mass change due to accumulation or ablation of ice. As in MacAyeal and others (J 987), we calculate the average density as p
where H is the ice thick ness, Pie. is the de nsi t y of pure ice (917 kg/ m 3 ), and 0: and /3 are parameters used to fit Equation (2) to firn densities near the surface. For the measured density profile at J9, 0: = 608 kg/m 3 and /3 = 0.043 m-\ we use these same values.
Application of Equation (I) to actual data involved defining r and approximating the first integral of Equation (I) by a series of summations along line segments. The line segments usually connected occupied field st.ltions where accurate geographical coordinates and ice ve,ocity were known. Ice thickness was measured at intermediate points along most of the line segments and velocity data were interpolated to these points to permit calculation of mass flux across sub-segments. While similar in concept, the method used in this paper to approximate Equation (I) differs in a number of ways from the method applied in MacAyeal and others (I987). There are four main differences: scale, projection, interpolation of velocity along line segments, and mass-flux calculation for sub-segments. The effect of the differences is often negligible, but not always. Many times the difference is sensItIve to the particular geometry of line azimuth and /o r velocity gradient. It is a general requirement of net mass-balance calculations that calculation errors of mass flux be minimized because the net mass balance is usually a small difference between large, but very nearly equal , mass fluxes. Therefore, it is worth detailing the differences for the sake of comparing our results with MacAyeal and others (1987) and for future calculations of mass balance .
MacAyeal and others (1987) used an Earth radius of 6370997.0 m and a polar-stereographic projection of geographic coordinates. In this paper, the local surface is assumed spherical with a radius of 6357020.8 m. This radius is derived from the radius of the WGS-72 ellipsoid at lat. 84 ° and corrected for the geoid height at lat. 84 oS., long . In MacAyeal and others (1987) , the distortion caused by the polar-stereo graphic projection was minimized by choosing the pole of projection near the center of CIR , but, as with any polar projection, scale distortion increased with distance from the projection pole. This paper uses no grid projection . All di stances are great-circle distances rather than straight-line distances on a plane of projection. Quantitativel y, this effect is small near the pole (only 0.02% at a distance of 100 km from the pole).
Each line segment is divided into a varying number of sub-segments to allow an adequate representation of the ice-thickness variation. Velocity data were then interpolated to these same points. In this paper, the velocity magnitudes and azimuths are linearly interpolated along a given line segment. At each of these interi.or points, the exact bearing of the great-circle line segment was used to calculate the corresponding normal component of velocity. By contrast, in MacAyeal and others (1987) an average bearing was used for each line segment, the velocity component normal to this bearing at each end of the line segment was calculated, and it was these two end values which were linearly interpolated to other points on the line segment. The latter method is not a true linear interpolation of the velocity field; its non-linear character increases as the angle between the line segment and velocity azimuth decreases. The use of a constant average bearing also introduces a non-linearity to the interpolation which depends on both the rate at which the true bearing changes along the line segment and the velocity gradient.
The final difference between methods concerns the calculation of mass flux for a sub-section of a line segment. With velocity, line bearing, and ice thickness all specified at each end of the sub-segment, we assume in this paper that the velocity, thickness, and density each vary linearly along the sub-segment, Vi+r = Vi + r(Ui+l -Vi) 9 i + r = 9 i + r(9 i + 1 -9 i )
(6) r = (}.
where Vi is the velocity magnitude, Vi is the velocity component normal to the SUb-segment, 9 i is the angle between the velocity azimuth and the bearing of the subsegment, and r is the fractional distance along the sub-segment }.i to }.i+l· The mass flux due to advection is then taken from the first integral in Equation (I), (9) MacAyeal and others (1987) used a trapezoidal approximation which computes the mass flux per unit width at each end of the sub-segment and multiplied the average by the sub-segment length. In our notation, that approximation is written (10) r Equation (l0) ignores the cross terms which Equation (9) contains. The error in using Equation (ID) will increase with the gradients of velocity and ice thickness.
Due to the complexities, and in some cases th e peculiarities, of applying each method to specific data, an analytical treatment of the differences is not given here. Rather, because the same line segments used in MacAyeal and others (1987) appear in this paper, a comparison of the mass fluxes derived by the two methods appears later in Table 11 .
The error in the calculated values of advective mass flux follows from Equation (9), (11) where 'OV, &9, and 'OH are the errors in velocity magnitude, velocity azimuth, and ice thickness, respectively. In practice, there is also an error due to position errors: the position of some of the flight lines over which ice thicknesses were measured did not match precisely with the station coordinates . We incor.porate this error in position as an error in ice thickness. The net mass balance is then the sum of mass fluxes across line segments comprising any closed curve plus the accumulation collected within that curve. Figure 2 indicates the area of interest, the station names and areas over which the net mass balances are calculated. Detailed features in Figure 2 represent all crevasses and undulations seen on aerial photography of th e area (Bindschadler and others, 1988b, figs I and 2) . The location of the ice rise in the center of this area is evident from the lack of crevassing or undulations. Line segments comprising the perimeter of the area are identical with those used by MacAyeal and others (1987) and connect sites occupied by surface field parties. Sub-divisions of this area are defined by connections to surface stations on the ice rise. *Inte rpo lat ed ve loc it y is ve loc it y co mpo n e nt at indicated az imuth.
DATA
at each station. This list includes stations on the ice rise, around the perimeter of the area, and some additional stations generated as described below. Positions of most stations indicated on Figure 2 are from occupation by satellite-positioning receiver. Velocities are from repeated geoceiver occupation or, where parenthesized, from interpolated methods described below. Ice thicknesses are from airborne radar soundings. Positions and velocities of most of the perimeter stations were measured sometime between 1983 and 1985 (Bindschadler and others, 1988a) . For stations J 1 0, J 11, and 11 I , data were acquired during the Ross lee Shelf Geophysical and Glaciological Survey (RIGGS) (Thomas and others, 1984) . The velocities of J I I and III were interpolated from adjacent RIGGS station velocities.
The perimeter-line segments avoid crevassed areas where high velocity gradients can be expected. However, this is not true of the interior segments which cross on to the ice rise. On these line segments, additional stations were introduced to permit a more variable gradient of velocity. The character of the crevassing is distinctly different on opposite sides of CIR and a different scheme was used on each side. Figure 3 shows the velocity profile along each perimeter-line segment.
For the line segments on the south-west side of CIR (E3-11 , E4-J2, and LP I-B). a velocity profile was constructed which reproduced ,he velocity profile measured at the station L I . stake net\" ork (Bindschadler and others, 1988b, fig. 7 ). This network , also on the south-west side of CIR, extends from a point on CIR 2.3 km from the icerise-ice-shelf boundary to stakes on the ice shelf 10 km from the boundary (see Fig. 2 ). The measured profile of velocity can be closely approximated by linear interpolation between four points: zero velocity at the beginning of th e line on the ice rise; 10 m/ a at the ice-rise-ice-shelf boundary in a direction parallel to the boundary; 145 m/ a at a point 4.4 km out on the ice shelf; and 266 m/ a at a point 9.5 km out on the ice shelf. The velocity azimuths for these last two points were linearly interpolated between the azimuth of the boundary and the azimuth of the station velocity at the ice-shelf end of the line segment. This profile is assumed at each of the three line segments on this side of CIR, and Table I and Figure 3 show the intermediate stations which were generated to provide this approximation of the velocity profile. The errors assigned to the velocity magnitudes are the velocity errors of the ice-rise stations and the azimuth errors are se t conservatively to ±S 0, larger than any measured error. Motion on the ice rise is so small that satellite positioning produced velocities which were within one standard deviation of 0 m/ a and azimuths which were unreliable .
On the north-east side of CIR, the velocity profiles along the lines E3-KI and LPI -K3 were defined by adding two points each: one at the edge of the ice rise, where the velocity was set to zero, and the other point at the edge of C2 , .;
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the intense crevassing (see Fig. 2) . The velocities at each of the latter points was calculated by extrapolating the component of velocity normal to the line segment using the appropriate shear strain-rate component from the measured strain-rate at the corresponding ice-shelf station (Bindschadler and others, 1988a) . The magnitude error was set to the error at the ice-shelf station. The azimuths of these velocities were set normal to the line segment. Although this method only estimates one component of the full velocity, it is only this component which is needed for the mass-balance calculations.
The final line segment extends from the point of the ice rise farthest down-stream along a "suture line" separating crevassed ice from rifted ice. This line appears to represent a natural flow boundary where ice flowing around the ice rise converges at the down-stream end. The ice-rise point, IR, was assigned a velocity of zero, while the velocity at the point JlO' (at the intersection of this line segment and Jl O-JlI) was calculated from the linear interpolation of velocity and azimuth along 110-JlI and using the larger errors of JI1. The azimuths of the IR-JIO' line segment and the J 1 O' velocity differed by only 4 0 , indicating that very little mass flowed across this line segment and that the interpolation scheme was accurate within the stated errors.
Ice thicknesses at each station and along most line segments were measured by radar sounding. These data were kindly provided to us by S. Shabtaie (personal communication). In 1984, airborne radar profiles were flown along all segments up-stream of and including K3-LPI-J3 . Errors for these segments were estimated by Shabtaie to be ± I 0 m. Ice thicknesses at 1I I, JIO, and JII were measured during RIGGS but no radar flights between these stations were made. The ice-thickness profiles between these stations (including J3-111 and K3-JIO) were supplied by Shabtaie from a contour map he prepared which included all available ice-thickness data in this area. His data sources included some ground-based soundings as well as airborne measurements from RIGGS and earlier field studies. He estimated the uncertainty of ice thickness along these profiles as ±20 m.
Accumulation data were collected during RIGGS both on and around CIR. From dating of stratigraphic layers of increased radioactivity deposited during 1954 and 1964 -65 , Clausen and others (1979 deduced a pattern of accumulation rate over the Ross Ice Shelf. The values around CIR ranged from 0.09 to 0.12 m/ a (ice equivalent) with the single station on CIR somewhat lower (0 .07 m/ a). In Thomas and others (1984) , measurements on exposed stakes were analyzed and gave a similar pattern over the ice shelf but somewhat larger values: 0.09-{).16 m/ a (ice equivalent) with 0.10 m/ a on the ice rise. The general pattern is of increasing accumulation to the south-west but there is a large local variability. The lower value on erR is likely due to relatively higher winds on the elevated ice rise . The relative transport of mass by the wind would cause the stations down-wind to exhibit enhanced accumulation. Rather than attempt to account for local variability which probably has not been adequately sampled with the RIGGS stations, we use a constant accumulation rate of 0. 12 m / a and assign a probable error of ±0.03 m/ a to cover the range of values measured by both groups. Table Il lists the results of the mass-flux calculations over all line segments and compares our calculations with those of MacAyeal and others (1987) . The only difference which exceeds one standard deviation occurs for line segment C2--o; most line segments agree to well within one standard deviation. The difference for the C2--o line segment is caused by different position coordinates for station C2 used in this paper and MacAyeal and others (1987) . We feel the coordinates in this paper are more accurate and are consistent with the satellite-receiver positions used to derive the velocity used in this paper. The only other difference worth noting is for line segment G2-K I. This difference is also caused by a slight difference in coordinates for station G2.
MASS FLUXES
As expected, most mass enters through the line between G2 and C2 (408842 kg / s) and most departs between J I 0 and III (292 90 I kg / s). On the sides of the perimeter, the general flow is outward up-stream of CIR and inward on the down-stream side. The net results of the flow around the sides are a loss of 5 I 51 I kg/ s to the south-west and a loss of 41 467 kg/ s to the north-east.
To ease the comparison of mass flux along line segments of different length, Table II includes the mass flux / km. Across the up-stream line segments, the two largest values occur. Also, there is a strong gradient in mass flux / km increasing from G2 to C2 . The mass flux leaving the perimeter between the down-stream stations is less than enters up-stream. This is due to a combination of thinner ice and lower velocities (see Fig. 3 ). Along the sides of the perimeter, the mass flux is considerably less than either the up-stream or down-stream ends . For the interior lines, the sharp gradient of flow in the boundary layer around the ice rise is evident. that within the complete area there are significant redistributions of mass taking place. Mass is being added to areas I, 3, and 4 at high rates while mass is being removed rapidly from areas 5 and 6. The advective mass fluxes are large enough that adding the accumulation flux to obtain net mass flux modifies the pattern only slightly, Data on the basal conditions are not available so the results of Table III for net mass balance assume negligible basal melting or freezing. It is possible that some ice accumulation may be added by freezing of water exposed to the air within the large rifts which occur in area 5 down-stream of CIR, but the areal extent of these rifts is limited and unlikely to alter the strongl y negative net mass balance. Similarly, any gain or loss of mass at the base of the ice shelf would have to be large to alter significantly the strong regional differences shown by Table III and Figure 4 .
NET MASS BALANCE
DISCUSSION
Although the net mass balance of the combined areas is nearly zero , the regional differences do not represent a redistribution of mass already within the perimeter. This would require the regions of mass gain to be down-stream of the regions of mass loss, Instead, the situation is one of mass being added in the up-stream and south-west areas from the ice streams and mass being removed at the downstream end by the flow of the ice shelf. This gradient will 376 encourage CIR to migrate up-stream as thickening up-stream promotes grounding and thinning down-stream promotes ungrounding. From the radar data, the bedroc k underneath the up-stream part of CIR dips up-stream at an average grade of 2 x IQ -3. Using the average thickening rate of 0.76 m/ a for area I, the predicted rate of grounding-line movement up-stream is 380 m/ a. Jezek (1984) had an earlier hypothesis of grounding-line retreat based on deviations of the velocity directions from the trace of debris tracks but made no estimate of retreat rate.
The retreat of the grounding line down-stream appears to be more episodic, related to the creation of rifts and the removal of rafts of ice . This zone of rifts differs markedly from the adjacent ice across the "suture zone" (line segment IR-JIO'; Fig. 4 ). Table III shows that there is little, if any , mass flow across this boundary. The natural boundar y appears to be wave-like and suggests a periodic variation in rift-formation activIty. Each full cycle measures about 11 km , Using an ice velocity of 444 m/ a at 11 0', a period of 25 years per cycle results. It is not known what mechanism would be responsible for driving rift formation at this period .
There may be a second, much longer cycle of rift-(or raft-) formation activity. Jezek (I984) noted "dome-hollow" pairs in the ice-thickness map of the Ross Ice Shelf down-stream of CIR . From their distance down-stream and the current velocity field, he estimated their dates since leaving CIR to be 400 and 550 years. These features may be evidence for historic activity similar to what is occurring at present.
There is al so a significant transverse gradient of net mass balance: net gain of mass on the south-west side of CIR and net loss on the north-east side. This pattern is consistent with the calculation that the net force exerted by the ice she lf on CIR is directed at an azimuth of 0.7 0 true (MacAyeal and others, 1987, table IV) . This orientation would promote mass deposition on the southern side of CIR and mass removal on the northern side. It al so would help to explain the difference in the character of the crevassing on the two sides of ClR as well as the raft separation and rift formation in the lee of CIR.
The orientation of the net force is a result of the icethickness distribution on the ice shelf. Bentley and others (1979) showed that the Ross Ice Shelf was 100-150 m thicker on the south-west side of ClR than on the northeast s ide. This is probably a result of the thicker ice di scharged into the ice shelf by Ice Stream A which fl ows in a much deeper channel than Ice Stream B .
With this new knowledge of th e pattern of net mass balance around CIR, certain features of CIR can now be explained . The general surface topography of CIR consists of a long ridge oriented along the line IR-LPI-E4, a dome north-east of the ridge roughly centered on the line segment LPI-K3, and a broad depression between the rid ge and the dome Bindschadler and others, in press ). The major peculiarity with this shape is the absence of any high spots underlying the long ridge, in contrast to the dome which is underlain by a submarine rise. The ridge rests on bedrock which dips to th e south-west at a slope of 6 x 10 -3 . The existence of the ridge can now be explained by the excess mass accumulating on the south-west side of CIR. Al so, th e depressed topography between the ridge and the dome is the result of the removal of mass in the embayment between the ridge and the dome.
The fact that the present regional pattern of net mass balance provides an explanation of the current shape of CIR implies that this pattern has persisted for a substantial length of ti me. At its highest point, the ice thickness exceeds the flotation thickness by 80 m. At the current maximum rate of thickening given by Ta ble III (0.88 m/a for area 4), this would take nearly 100 years. This age estimate sho uld be viewed as a lower bound because loca l thickening rates would probably not be sustain ed at thi s maximum rate. On the other hand, measure ments of th e temperature pro file through CIR indicate that the initiation of the ice ri se occurred within the last few hunded years (Bindschadler and others, in press ). These two techniqu es, mass -balance calculation and temperature measurement, ma y provide a powerful method to bracket the age of CIR within na rrow limits.
